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Using a tight-binding model that takes into account a realistic electronic band structure and includes defect
scattering we investigate spin-dependent transport in Co/ Cu/ Co trilayers when current flows perpendicular to
the plane. We show that resistance of the Co/ Cu interface depends on the proximity of another interface, which
makes the parameters characterizing the spin-dependent interface resistance AR*F/N and ␥F/N, to be dependent
on the layer thickness separating the two interfaces. This leads to a decrease in the measurable quantity SR
= 冑共ARAP兲共ARAP − AR P兲 with the Cu layer thickness and, therefore, to the departure from the series-resistor
model. Here ARAP is the specific resistance 共area A times resistance R兲 of the trilayer when magnetizations of
the two Co layers are aligned antiparallel 共AP兲 to each other, and AR P is the specific resistance when the layer
magnetizations are aligned parallel 共P兲. We demonstrate that recent experimental data on currentperpendicular-to-plane transport in Co/ Cu/ Co spin valves can be explained by the interface proximity effects
without introducing a finite spin-diffusion length.
DOI: 10.1103/PhysRevB.71.024415

PACS number共s兲: 75.70.Cn, 75.47.De, 73.50.⫺h, 73.40.⫺c

I. INTRODUCTION

The phenomenon of giant magnetoresistance 共GMR兲 has
been observed in magnetic metallic multilayers in two geometries: current in the plane of the layers1 共CIP兲 and current
perpendicular to the plane 共CPP兲.2 Although, due to the small
multilayer film thickness, experiments within the CPP geometry are much more delicate, they can provide important information about the mechanisms of spin-dependent scattering 共for a recent review on GMR see Ref. 3兲.
The majority of experiments on CPP GMR are interpreted
in terms of the series-resistor model, in which there are no
relevant lengths except the layer thicknesses. The seriesresistor model is justified for free electrons when the spindiffusion length is large compared to the layer thicknesses.4
The series-resistor model can be qualitatively understood by
the following arguments. When the elastic mean-free path 
is short compared to the layer thicknesses, each layer can be
considered as a separate resistor for the current flowing perpendicular to the plane of the multilayer. At the other extreme, when  is very long, the probability of scattering is
the sum of the scattering probabilities within each layer.
Therefore, the conductivity becomes self-averaging, which
leads to resistors in series, as in the first case, making the
mean-free path irrelevant to CPP GMR.
These arguments become, however, invalid when a realistic band structure of the metal layers comprising a GMR
multilayer is taken into account. The presence of potential
steps at the interfaces leads to interface proximity effects that
break the series-resistor model when the layer thickness is
less or comparable to the mean-free path. The dependence of
the interface resistance on the proximity of other interfaces
was found theoretically within a simple tight-binding
model,5 for realistic tight-binding bands in a Co/ Cu
multilayer,6 and also using first-principle calculations for disordered Co/ Cu interfaces.7 It was demonstrated analytically
that the interface resistance is affected by the exponential
terms in the electrochemical potential that decays at a rate
comparable to the mean-free path.8,9 Experimentally, it was
1098-0121/2005/71共2兲/024415共6兲/$23.00

found that the magnitude of CPP GMR in Co/ Cu multilayers
is sensitive to the ordering of the magnetic layers evidencing
the presence of the “mean-free-path effects.”10
In CPP GMR the quantity measured is either the conductance per unit area or its inverse, the specific resistance AR,
where A is the area through which the current flows. The
magnitude of GMR is defined by the ratio 共ARAP
− AR P兲 / ARAP = ⌬AR / ARAP, where indices “P” and “AP” refer to the parallel and antiparallel magnetization of the
multilayer, respectively. The series-resistor model, elaborated
by Lee et al.11 to include spin-dependent bulk resistivities
and interface resistances, expresses these quantities for a
multilayer with N bilayers as follows:
*
ARAP = N共NtN + F* tF + 2ARF/N
兲,

共1兲

*
兲2/ARAP .
A⌬R = N2共␤FF* tF + 2␥F/NARF/N

共2兲

Here N is the resistivity of the nonmagnetic layer, F*
= F / 共1 − ␤F2 兲 is the “enhanced” resistivity of the ferro*
2
= ARF/N / 共1 − ␥F/N
兲 is the “enhanced”
magnetic layer, ARF/N
interface resistance, ␤F is the scattering spin-asymmetry
parameter for the bulk, and ␥F/N for the interface. ␤F is
related to the spin asymmetry of the bulk scattering within
the ferromagnetic layer ␣F = F↓ / F↑ by the expression
␣F = 共1 + ␤F兲 / 共1 − ␤F兲. ␥F/N is related to the spin asymmetry
of the interface scattering at the FM/NM interfaces ␣F/N
↓
↑
= ARF/N
/ ARF/N
by the expression ␣F/N = 共1 + ␥F/N兲 / 共1 − ␥F/N兲.
When the series-resistor model is used to interpret experiment data, the interfaces are assumed to be described using
*
and ␥F/N, which are inonly two parameters, namely, ARF/N
dependent of the layer thickness separating the interfaces.
This makes the quantity
*
兲
SR = 冑共ARAP兲共A⌬R兲 = N共␤FF* tF + 2␥F/NARF/N

共3兲

independent of the parameters characterizing the spacer layer
N or tN. The two terms within the SR on the left-hand side of
Eq. 共3兲 can be measured. Thus, for the series-resistor model,
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a plot of SR versus tN for a series of samples with fixed tF
and fixed N, but varying tN, should yield a horizontal line. If
interface proximity effects are present, SR should deviate
from the horizontal line.
The search for deviations from such a horizontal line was
recently performed by Chiang et al.12 for Co/ Cu/ Co, and
Co/ Ag/ Co, and Co/ Au/ Co exchange-biased spin-valves. In
all cases sizable deviations were found. However, these deviations were largely interpreted using the Valet-Fert
model,13 which takes into account spin-flipping of free electrons but ignores a realistic band structure of the multilayer
and, therefore, interface proximity effects. Only for
Co/ Cu/ Co spin valves the decrease, which was larger than
expected within the Valet-Fert model was found; for
Co/ Ag/ Co and Co/ Au/ Co spin-valves, the decreases were
entirely explained using finite spin-diffusion lengths. The authors concluded that due to uncertainties in these lengths and
the data, interface proximity effects 共mean-free-path effects兲
cannot be ruled out.
In this paper we use a model that takes into account a
realistic band structure of the Co/ Cu/ Co spin valves and
includes defect scattering.14 This model was used successfully to interpret experiment data on thickness-dependent
CIP conductivity in Co/ Cu/ Co spin-valves measured in
situ,15 to explain experimentally observed signs of the thermoelectric power in Co/ Cu and Fe/ Cr multilayers,16 and to
elucidate the strong dependence of the CPP GMR on the
order of magnetic layers in a Co/ Cu multilayer.10 We show
that resistance of the Co/ Cu interface depends on the proximity of another interface that causes the parameters charac*
terizing the spin-dependent interface resistance, ARF/N
and
␥F/N, to depend on the layer thickness separating the two
interfaces. This leads to a decrease in SR with the Cu layer
thickness and, therefore, to the departure from the seriesresistor model. We demonstrate that the experiment data of
Chiang et al.12 for Co/ Cu/ Co spin valves can be explained
by the interface proximity effect without introducing a finite
spin diffusion length.
II. METHOD OF CALCULATION

We describe the electronic structure of a Co/ Cu/ Co
trilayer using a realistic multiband tight-binding model,
which accounts for s, p, and d orbitals with their full hybridization and spin polarization.14 Disorder is introduced in this
model as a random variation in the on-site atomic energies of
the Cu and Co atoms, with a uniform distribution of standard
deviation ␦.17 For calculating the conductance the disordered
Co/ Cu/ Co trilayer is placed between two perfect semiinfinite Co leads 关Fig. 1共a兲兴, where stacking is in the 关001兴
direction and the Co and Cu layers are assumed to have the
fcc structure with a lattice parameter a equal to that of bulk
Cu, a = 0.361 nm. For each disorder configuration, the conductance is calculated using the Kubo formula within the
real-space technique.6 First, the matrix elements of the surface Green’s function for the bulk Co 共001兲 are calculated,
and then disordered layers are added to the left lead in order
to grow the trilayer. The Dyson equation is solved numerically to find the Green’s function for each of the added layers

FIG. 1. Geometry used in calculations of the resistances of the
Co/ Cu/ Co trilayer and Co/ Cu interfaces. Gray contrast indicates
disorder.

in turn. Finally, when the last layer is added, it is bonded to
the right lead to obtain the Green’s function of the full system, which is used to calculate the conductance. Periodic
boundary conditions are imposed on a cell of 4a ⫻ 4a in the
transverse direction, 4 k points are calculated in the Brillouin
zone, and the conductance is averaged over 12 random configurations of disorder.
III. RESULTS AND DISCUSSION

First, we calculate the resistance of the Co/ Cu共tCu兲 / Co
trilayer as a function of the thickness of the Cu layer tCu. The
geometry of the system is shown schematically in Fig. 1共a兲.
The thickness of the disordered Co layers is assumed to be
10 monolayers 共ML兲, which is equivalent to 1.8 nm. In this
calculation the disorder parameter ␦ = 0.35 eV is chosen to be
the same in the bulk of the Co and Cu layers and at the
interfaces. This value of ␦ provides bulk resistivities Co
⬇ 60 n⍀ m and Cu ⬇ 15 n⍀ m similar to those observed
experimentally.12 Figure 2共a兲 shows results of the calculation
for parallel 共P兲 and antiparallel 共AP兲 magnetization of the
trilayer. Nonlinearity of the spin-resolved resistances is evident from the figure, which is especially pronounced for the
AP configuration. This deviation from the Ohmic behavior is
due to the proximity of the two Co/ Cu interfaces. In order to
elucidate the calculated data we fit the spin-resolved resistances using the following expression:

冉 冊

AR = AR0 + 2CutCu + AR1 exp −

tCu
.


共4兲

Here the first term AR0 includes the interface resistances and
the ballistic conductance of the leads, the second term reflects the bulk resistance of the Cu layer, and the third term
describes nonlinearity caused by interface proximity. The parameter  is the effective mean-free path, which depends not
only on the properties of the spacer layer 共such as the electronic structure and type and density of scatterers兲 but also
on the electronic structure of the interfaces adjacent to this
layer.
Table I contains the values of the constants in Eq. 共4兲 for
each of the three curves fitted. The linear part of Eq. 共4兲
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FIG. 2. Resistance AR of Co共10 ML兲 / Cu共tCu兲 / Co共10 ML兲
trilayer 共a兲 and SR冑共ARAP兲共ARAP − AR P兲, 共b兲 as a function of Cu
layer thickness, tCu, in the presence of bulk disorder ␦ = 0.35 eV.
Solid lines display fit to the calculated data using Eq. 共4兲. The inset
shows the majority- 共circles兲 and minority- 共squares兲 spin resistance
for a Co共10 ML兲 / Co共tCo兲 / Co共10 ML兲 trilayer demonstrating a linear variation of AR in the absence of interfaces.

represents the Ohmic behavior and has the same gradient for
all three. The larger value of AR0 for minority spins reflects
the larger Co/ Cu interface resistance, which is not compensated by the greater ballistic conductance for this spin
orientation.18 The exponential component of Eq. 共4兲 reflects
a deviation from linearity related to the variation in the interface resistance because of the proximity of the two Cu/ Co
interfaces. The fact that the constant AR1 is negative for the
P magnetization and positive for the AP magnetization shows
that this effect differs for the two configurations, as will be
discussed below.
The value of  determines the rate of convergence of the
exponential part of Eq. 共4兲 and, hence, the return to linearity
and the Ohmic regime of conduction. This occurs fastest for
minority-spin electrons and slowest for the AP configuration,
with majority-spin electrons in the P configuration lying in
between. The dependence of  on spin and magnetization
configuration originates from a different distribution of electrons entering the Cu spacer layer from the Co lead over
transverse wave vectors k储 within the interface Brillouin
zone19 and from the state dependence of the mean-free path.
Majority-spin electrons have a longer mean-free path due to
the higher probability of transmission for electrons with
TABLE I. Fitting parameters for calculated data presented in
Fig. 2共a兲 and 4.

P majority
P minority
AP

AR0 共f⍀ m2兲

AR1 共f⍀ m2兲

ARi 共f⍀ m2兲

 共nm兲

5.21
6.25
5.73

−0.70
−0.31
1.11

0.39
1.18
0.79

53
39
17

FIG. 3. Spin-resolved resistance of two Co/ Cu/ Co interfaces
separated by disordered Cu layer of thickness tCu for 共a兲 majorityand 共b兲 minority- spin electrons for 共c兲 P magnetization and AP
magnetization. Solid lines display fit to the calculated data using
Eq. 共5兲.

smaller k储, which have higher velocity. Using the Drude for¯ , and the known
mula for conductivity,  = 共e2 / h兲共kF2 / 3兲
resistivity value for bulk Cu, Cu ⬇ 15 n⍀ m, we estimate the
average mean-free path in Cu to be ¯ ⬇ 44 nm. This value
lies somewhat in between the values of  found for majorityand minority-spin electrons, reflecting the averaging over
states with different k储.
Figure 2共b兲 shows the SR quantity 共3兲 as a function of the
Cu layer thickness. According to the series-resistor model,
this quantity should be independent of tCu. However, in contrast, our results show a large initial decrease in the SR with
increasing tCu, which is related to the nonlinear behavior of
the P and AP resistances shown in Fig. 2共a兲. The breakdown
in the series-resistor model stems from the fact that the
Cu/ Co interface resistance is assumed to be constant, regardless of the Cu thickness.
In order to demonstrate explicitly the dependence of the
Co/ Cu interface resistance on the proximity of the other interface, we performed additional calculations. Figures 1共a兲
and 1共b兲 summarize the geometry of these calculations. The
total resistance of the two Cu/ Co interfaces, labeled in Fig.
1共a兲, is obtained in two steps. First, the resistance of Fig. 1共b兲
is subtracted from 1共a兲, leaving the resistance of the two
Cu/ Co interfaces plus the resistance of the Cu layer, obtained as a function of tCu. Second, the resistance of the Cu
layer, ARCu = CutCu, is subtracted from this value, leaving the
total resistance of the two interfaces.
Figure 3 shows the total resistance of both Cu/ Co interfaces against the Cu layer thickness, for P and AP magnetizations. It is clear from the figure that this resistance is not
independent of tCu. There are strong variations, particularly
at lower tCu, when the interfaces are in close proximity. The
layer-thickness-dependent interface resistance is the origin of
the breakdown in the series-resistor model. As the Cu layer
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thickness becomes sufficiently large the resistance of the interfaces tends toward a constant value, so the series-resistor
model behavior is recovered.
The most striking variation in the interface resistance is in
the AP case, as can be seen in Fig. 3共c兲. The interface resistance shows a strong initial decrease with tCu. This is because
of the very distinct electronic structures of the majority and
minority bands in Co. Scattering by disorder in the Cu layer
assists the electrons that have passed the first Co/ Cu interface to be transmitted across the second Cu/ Co interface,
and hence the interface resistance decreases with increasing
tCu. The situation is, however, different for the parallel case.
As is seen in Figs. 3共a兲 and 3共b兲, the interface resistance
increases with the Cu layer thickness for both majority and
minority electrons in the P configuration, in contrast to the
decrease in the AP case. This is because quantum-well bound
states are created in the Cu layer when it is placed between
the Co leads of higher electronic potential. These bound
states do not contribute to the conductance at small Cu thickness. Therefore, majority-spin electrons, due to similarity of
the band structures of Cu and Co, traverse the thin Cu layer
almost with no scattering, making the interface resistance
very small 关see Fig. 3共a兲兴. However, as tCu increases, the
defect scattering redistributes the current-carrying electrons
between the conducting and bound states, and the interface
resistance increases. Minority-spin electrons display a less
pronounced departure from linearity than majority-spin electrons. This is because of disorder, which intermixes the
closely lying minority Co d bands and smears out the potential well.6
The calculated data shown in Fig. 3 can be fitted using the
expression

冉 冊

AR = 2ARi + AR1 exp −

tCu
,


共5兲

in which AR1 and  have the same values as in Eq. 共4兲. The
fit allows us to find the values of the interface resistance ARi
in the asymptotic limit of a thick spacer layer. The results are
presented in Table I. It is not surprising that within a statistical error the value of ARi for the AP configuration is equal
to the average of the ARi values for the majority and minority
electrons in the P configuration, reflecting the fact that for
sufficiently large Cu layer thickness, the series-resistor
model behavior is recovered.
The asymptotic value of the interface resistance obtained
in our calculation for majority-spin electrons, 0.39 f⍀ m2, is
in very good agreement with the value of 0.35 f⍀ m2 reported in Ref. 18 for a single Co/ Cu 共001兲 interface. On the
other hand, the asymptotic value of the interface resistance
for majority-spin electrons in our calculation, 1.18 f⍀ m2, is
much less than the value of 1.9 f⍀ m2 in Ref. 18. The reason
for such a strongly reduced interface resistance is the presence of disorder in our model. A significant mismatch in the
band structures of the minority-spin electrons in Co and Cu
leads to a low transmission coefficient through the Co/ Cu
interface for the minority spins in the absence of disorder.19
This is the condition at which the diffuse scattering assists
conduction, thereby reducing the resistance.20

FIG. 4. Parameters of the spin-dependent Co/ Cu interface resistance as a function of disordered Cu layer thickness: 共a兲 enhanced
interface resistance AR*F/N and 共b兲 spin-asymmetry scattering parameter ␥F/N.

Variation of the spin-dependent interface resistances with
the thickness of the layer separating the two interfaces causes
*
the parameters characterizing the interface resistance, ARF/N
and ␥F/N, to depend on the proximity of the interfaces. Figure
*
and ␥F/N on tCu recalcu4 shows the dependence of ARF/N
lated from the fitting curves in Figs. 3共a兲 and 3共b兲. Not
unexpectedly, these parameters vary quite considerably
*
increases from
with the Cu layer thickness. ARF/N
2
0.27 to 0.39 f⍀ m . ␥F/N drops from 0.88 to 0.52, reflecting
a decrease in the spin asymmetry with increasing tCu. These
*
calculated values of ARF/N
and ␥F/N are consistent with the
21 The layer thickness dependence of
experiment values.
these parameters might partly explain the spread in the values of these parameters obtained by different experimental
groups, although other factors may also play a role 共see, e.g.,
Ref. 21 and references therein兲.
The interface proximity effect is sensitive to the degree of
disorder at the interfaces because scattering by this disorder
averages the transmission probability over different transverse wave vectors k储, improving the conditions for applicability of the series-resistor model. Due to interface roughness
and interdiffusion it is likely that the interface disorder is
stronger than the bulk disorder. The influence of the interface
disorder is explored in Fig. 5, where three SR curves are
plotted as a function of the Cu thickness. In the calculation
of each of the curves, the bulk disorder parameter was kept

FIG. 5. Calculated SR = 冑共ARAP兲共ARAP − AR P兲 vs Cu layer thickness for different values of disorder parameter ␦int at Co/ Cu
interfaces.
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order of magnitude. Nevertheless, the deviations from the
series resistor cannot be ignored and lead to a nonnegligible
decrease is SR, as is seen from Fig. 6共b兲. The solid line in
this figure has a slope of −0.007 f⍀ m2 / nm showing the
agreement with experiment. We note that the absolute values
of the SR are also consistent with experimental data, demonstrating the correct magnitude of 共ARAP − AR P兲 and, consequently, the GMR ratio in our calculation. We conclude,
therefore, that the experimental data presented in paper 关12兴
on CPP GMR in Co/ Cu/ Co spin valves can be explained by
the interface proximity effect without introducing a finite
spin diffusion length.
IV. CONCLUSIONS

FIG. 6. Resistance for parallel 共P兲 and antiparallel 共AP兲 configuration of 共a兲 a Co/ Cu/ Co spin valve and SR vs 共b兲 Co layer thickness for ␦ = 0.35 eV and ␦int = 1.05 eV assuming that an additional
resistor in series is included to fit the resistance measured in Ref.
12. The solid line has the slope of −0.007 f⍀ m2 / nm, which is the
best fit to the experimental data 共Ref. 12兲.

to be constant ␦ = 0.35 eV, whereas the disorder within one
Cu monolayer and one Co monolayer on each side of a
Cu/ Co interface ␦int was varied.
The three SR curves in Fig. 5 exhibit qualitatively similar
behavior, showing a decrease in SR with increasing tCu. It is
seen that increasing interface disorder leads to a flattening of
the SR curve, resulting in better agreement with the seriesresistor model, which requires SR to be constant. Nevertheless, even for large values of interface disorder we see a
sizable variation in SR.
The results of our calculations can be compared with the
experimental data obtained for Co/ Cu/ Co spin valves by
Chiang et al.12 These data show a gradual decrease in SR
with tCu and are fitted by a straight line with a slope of
−0.007 f⍀ m2 / nm and a maximum value of the SR at zero
thickness of about 2 f⍀ m2 共see Fig. 6 in Ref. 12兲. The SR
magnitude depends on the total resistance of the system,
which includes other resistors 共such as a pinning layer兲 not
considered in our calculation. Therefore, in order to correlate
our results with the experimental data we first added a resistor in series to our data to obtain the total resistance in the
range of 14 f⍀ m2 close to the experimental values. Then,
we varied the interface disorder parameter ␦int keeping other
parameters fixed to obtain the experimentally measured slope
of the SR quantity versus tCu of –0.007 f⍀ m2 / nm. The best
agreement was found for ␦int = 1.05 eV. The results are
shown in Fig. 6 in the same range of data points as in Ref.
12. As is seen from Fig. 6共a兲, such a strong interface disorder
in experimental samples 共␦int = 1.05 eV兲 makes deviations
from the series resistor model less pronounced than those in
Fig. 2共a兲, in which ␦int = ␦ = 0.35 eV. This is due to the strong
diffuse interface scattering that destroys the electron coherence, making the interference of scattered electrons from different interfaces less evident. In order to make sense of the
magnitude of the parameter ␦int, we note that changing ␦
from 0.35 to 1.05 eV enhances bulk resistivity of Cu by an

Using a tight-binding model, which takes into account
realistic electronic band structure and includes defect scattering, we have investigated spin-dependent transport in
Co/ Cu/ Co trilayers when current flows perpendicular to the
plane. Our results show that SR = 冑共ARAP兲共ARAP − AR P兲 varies with the thickness of the Cu layer, which is in contradiction to the series-resistor model, where this quantity is assumed to be constant. The variation in SR is most striking at
smaller thickness of the nonmagnetic layer and is related to
the proximity of the Cu/ Co interfaces. When the Cu spacer
layer thickness is smaller than the mean-free path, the total
resistance of the two interfaces is considerably different than
at large Cu thicknesses. This variation in the resistance of the
Co/ Cu interface with the Cu layer thickness causes the parameters characterizing the spin-dependent interface resis*
and ␥F/N, to depend on the layer thickness sepatance, ARF/N
rating the two interfaces, thereby demonstrating departure
from the series-resistor model. Interface proximity effects are
also seen when enhanced interface disorder is introduced into
the calculations, although it becomes less pronounced with
increasing disorder.
The results of our calculations are consistent with the experimental data of Chiang et al.12 on CPP GMR in
Co/ Cu/ Co spin valves. We show that these data can be explained by interface proximity effects without introducing a
finite spin-diffusion length. This fact suggests that the estimates for the spin-diffusion length based on a model that
ignores the interface proximity effects in CPP GMR may
lead to underestimated values of the spin-diffusion length. It
would be highly desirable to develop an experimental
method for measuring the spin-diffusion length with no involvement of any model.
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